This paper presents a review of research on turbine rim sealing with emphasis placed on the underlying flow physics and modelling capability. Rim seal flows play a crucial role in controlling engine disc temperatures but represent a loss from the main engine power cycle and are associated with spoiling losses in the turbine. Elementary models that rely on empirical validation and are currently used in design do not account for some of the known flow mechanisms, and prediction of sealing performance with computational fluid dynamics has proved challenging. Computational fluid dynamics and experimental studies have indicated important unsteady flow effects that explain some of the differences identified in comparing predicted and measure sealing effectiveness. This review reveals some consistency of investigations across a range of configurations, with inertial waves in the rotating flow apparently interacting with other flow mechanisms which include vane, blade and seal flow interactions; disc pumping and cavity flows; shear layer and other instabilities; and turbulent mixing.
Introduction
For every complex problem there is a solution that is simple, neat and wrong. -H. L. Mencken While the authors would not agree with all of Mencken's statements, the above quote does seem especially relevant to rim sealing in axial turbines. As will be discussed below, a number of simplified models of rim seal flows have been developed since research began in this field around 50 years ago. These have had significant success in correlating experimental data, but it is still apparent that the flow physics is not fully understood. With recent progress having been made in this area, and heightened interest from the turbomachinery research and design communities, the present review aims to summarise and explain the current understanding of the flow physics, highlighting areas where further research is needed. The review does not attempt to give a full account of the considerable collection of publications available in this area. Figure 1 , from Rolls-Royce plc, 1 illustrates the use of rim sealing or purge flow to prevent or supress ingestion of hot main annulus flow gas into the cavities or wheel spaces between the rotating turbine discs and stationary components. Here cooling air, bled from the high-pressure (HP) compressor, provides internal and film cooling for the turbine blades, dissipates the windage heating in the cavities, cools the discs and controls hot gas ingestion through the gaps between the rotating blade and stationary vane platforms. While sufficient air must be supplied to satisfy these requirements, it is also desirable to minimise bleed of cooling air from the compressor and to reintroduce the air to the main gas path with minimum aerodynamic losses in the turbine. Relative movements of stationary and rotating parts during operation constrain the clearance such that the rim sealing requirements may increase flow rates above those otherwise needed. Without thorough understanding of rim seal flow mechanisms and reliable predictive methods, manufacturers must rely on previous experience and development testing to design the rim seal geometry and set cooling flow rates.
Perhaps the first openly published research on rim sealing was by Bayley and Owen. 2 This presented equation (1a) as a correlation of experimental results for the minimum flow rate required to seal a rotor/ stator disc cavity with a simple axial clearance at the outer radius and no external flow
Here
m is the purge flow rate, is fluid viscosity, b is the outer disc radius, s c is the seal clearance, is the fluid density and is the angular velocity of the disc. Cw min denotes the minimum value of Cw required to avoid ingestion into the cavity. Use of the mass flow parameter Cw and rotational Reynolds number Re in equation (1a) disguises the fact that the minimum sealing flow rate was found to be independent of Reynolds number. Rearranging the equation in terms of the mean velocity through the seal U m (¼ _ m=2s c b) gives equation (1b)
The apparent lack of dependence on viscosity is surprising, considering that the disc pumping causing the ingestion is a viscous phenomenon. Without viscosity there would be no disc pumping and no ingestion. Rearranging the equation further and considering the scaling associated with disc pumping provides an explanation for the paradox. Inspired by von Ka´rma´n's 3 momentum integral solution for free disc flow, which gives the radially outward flow in the disc boundary layer (at radius r ¼ b) as Cw fd ¼ 0. 
Noting also that von Ka´rma´n's solution gives a disc boundary layer thickness proportional to Re À0. 2 it can be seen that the flow rate scaled with disc pumping, l min , is directly proportional to the seal clearance scaled with the disc boundary layer thickness. Thus, the combination of mass flow and boundary layer thickness scaling for the free disc flow accounts for the absence of viscosity in equation (1b). Further use of momentum integral methods has been made for rotationally driven ingestion, 4 as will be discussed later in this review.
For an outer seal in an axial turbine the flow external to the cavity may be highly swirling and subject to non-axisymmetric disturbances from the stationary vanes and rotating blades in main annulus. Campbell 5 and Abe et al. 6 were amongst the first to discuss this in the open literature. The importance of pressure asymmetries generated by the blades and vanes was highlighted, and Abe et al. reported experimental measurements of ingestion for a disc cavity downstream of a row of vanes. These and many other researchers have described how ingress can be expected if the cavity pressure is lower than maximum pressure in the main annulus. Many researchers have produced 'orifice models' of the ingestion process in which the flow through the rim seal varies circumferentially and is estimated locally as for a simple orifice with an assumed discharge coefficient. Such models have had considerable success in correlating ingestion measurements from rig tests, as well illustrated in a recent review by Scobie et al. 7 However, an alternative, turbulent transport model was proposed by Graber et al. 8 This concept has recently been further developed by Savov and Atkins 9 and also shown to be able to correlate ingestion measurements. As stated by Savov and Atkins, these and all other low-order models in the literature 'describe the variation in seal performance with dimensionless flow rate for a seal which has been experimentally characterised, and do not allow predictive capability, per se'. It has become generally accepted that for outer rim seals externally driven (or pressure-driven) ingestion is likely to dominate over rotation-driven (or disc pumping) ingestion. However, it should be noted that it is often difficult experimentally to separate the two ingestion mechanisms, and that Reynolds number or viscous effects may not be apparent for either mechanism.
The complexity of rim seal flows was recognised in a discussion of the physical mechanisms involved by Johnson et al., 10 who considered data available in 1994. In addition to disc pumping and annulus flow asymmetries discussed above, seal geometry, turbulent transport in overlapping platform regions, eccentricity and manufacturing tolerances emerged as needing further consideration. Since 1994 a considerable number of experimental and computational fluid dynamics (CFD) studies have been published and understanding has developed further. A particularly interesting development occurred in the early 2000s, with, for example, Cao et al. 11 showing experimental evidence that large-scale unsteady flow features dominated ingestion on a particular two-stage axial turbine cavity. These rotating, unsteady flow structures were unrelated to blade passing. Similar, but not always dominant effects have been identified in other studies. In the light of the new evidence available it is timely to review again the understanding of the physical mechanisms and consider future research directions.
A brief account of elementary modelling and evidence from correlation of test data for rim sealing is given in the next section, focussing on flow physics rather than seal design. 'Rotating flow modes and CFD modelling' section of the report then focuses on intrinsic flow unsteadiness and CFD. The rotating cavity/seal modes had not been identified at the time of Johnson et al.'s review, and CFD capability has advanced significantly in recent years. Conclusions and the future outlook are summarised in the final section.
Elementary modelling and correlation of test data
Notwithstanding the complex flow physics in rim seals it is important to note experimental trends and where models based on an elementary interpretation on the flow have had success. Departure of such models from experimental data also gives an indication of when other effects are important.
Rotationally driven ingestion
For a sufficiently wide rotor/stator disc cavity with low purge flow, radial outflow (or pumping flow) occurs in the rotor disc boundary layer. This boundary layer flow is supplied by the purge flow and recirculation within the cavity which may include some ingested flow. For simple geometries the flow in the cavity (without ingestion) is reasonably well understood and is illustrated in Figure 2 . An elementary model to deduce the minimum seal flow required to prevent ingestion was presented in Chew 4 and Chew et al. 12 Using momentum integral methods to estimate the disc boundary layer flow approaching the seal an expression was then derived for the pressure drop across the seal, with the minimum sealing flow corresponding to the condition when the pressure drop equals zero. The model included an empirical factor (k) that was obtained for a number of different seals by comparison with published experimental data. As shown in Figure 3 , k was given for six different seal styles. With an estimate of k for any seal, the minimum sealing flow rate may be evaluated from a graph of l min against G c Re 0.2 . 4 At lower values of G c Re 0.2 linear variation of l min is observed as in equation (1c). The variation of k with seal type appears consistent with expectations for rotating disc cavity flows. 12 For flow rates lower than the sealing minimum, ingestion occurs and the simple flow model cannot apply. In experiments the ingestion has frequently been measured using gas concentration with the sealing gas composition modified to differ from that in the external flow. A sealing effectiveness " is then defined from the measured concentration c and values for the cavity inflow and external flow, as follows
Based on published experimental measurements (which are usually taken on the stator disc surface) it was proposed that effectiveness could be estimated by assuming an ingress level about 20% of the shortfall in flow rate from the minimum sealing flow, giving equation (3)
This equation was shown to give a reasonable fit to measurements from a number of sources.
A model of ingestion, based on turbulent transport, was derived by Graber et al. 8 who argued that in radial clearance seals with extended overlap of rotating and stationary elements the ingestion characteristics would be dominated by rim geometry rather than the disc boundary layer. Graber et al. derived an expression of the form of equation (4), which was supported by experimental measurements
Here is a constant for a particular seal and could be determined experimentally. As noted by Chew et al., 12 may be chosen so that differences in effectiveness given by equations (3) and (4) are less than 0.035. Considering scatter in experimental data, and variation of sealing effectiveness within the cavity, such differences may be considered small. Savov and Atkins' 9 turbulent transport model gives a further expression for sealing effectiveness involving one empirical, seal dependent factor, and this was shown to fit a range of cases that included rotationally driven ingestion.
Owen 13 derived another model of rotationally induced ingestion based on an axisymmetric flow assumption through the seal and a radial equilibrium equation that neglects the upstream radial velocity component, contrasting with Chew. 4 Expressions, depending on a number of parameters were produced for minimum sealing flow and for sealing effectiveness. The derived expression for minimum sealing flow was not used in comparison with experiment but the expression for sealing effectiveness was able to fit experimental data, similarly to equations (3) and (4) and Savov and Atkins' expression.
Pressure-driven ingestion
The importance of external flow, and particularly the associated circumferential pressure variations was established in early experimental studies by, for example, Abe et al., 6 Kobayashi et al., 14 Phadke and Owen, 15 Dadkhah et al. 16 and Hamabe and Ishida. 17 Figure 4 . Simple model of the pressure-driven ingestion mechanism.
The pressure-driven mechanism for ingestion is shown in Figure 4 . This also gives the basis for a simple orifice model in which the local seal velocity is estimated from 1D orifice flow theory, with integration circumferentially to obtain the overall inflow and outflow.
Hamabe and Ishida compared their experimental measurements of ingestion to results from an orifice model. The model neglected swirl velocity, integrating circumferentially with an assumed external pressure variation, and a specified discharge coefficient. Square wave, sinusoidal and triangular wave functions were considered for the pressure variation, as well as the measured profile. Agreement with measurements was shown, and similarity of the predicted variation of sealing effectiveness with flow rate to that given by equation (4) was noted.
The orifice model was further considered by Chew et al. 18 alongside experimental and CFD results. Measurements of sealing effectiveness showed convergence of data when plotted against the mean velocity through the seal divided by an external flow velocity. Using discharge coefficients from measurements without rotation, rather than selecting model parameters to fit the data, it was found that the orifice model predicted some experimental trends but overestimated ingestion. The neglect of inertial effects associated with the swirl velocity component was considered to be a contributing factor. Further developments of the orifice model, including vane and blade generated pressure asymmetries and inclusion of inertial effects associated with the swirl velocity are described in Hills et al. 19 and Gentilhomme et al. 20 Experimental trends were reproduced by the model, but it was noted that adjustment of the 'model constants' was needed to match different test cases. Other factors noted in these studies included possible sensitivities to vane and blade design and flow separation, vane/blade flow interactions, Reynolds number effects in annulus, seal and cavity flows, and possible unsteady interactions of the sealing and annulus flows. Johnson et al. 21 summarised the model in Hills et al. 19 and Gentilhomme et al. 20 as having 'modest success', concluding that improved models would be useful.
Calibration of orifice models against experimental data sets, as described by Scobie et al., 7 Johnson et al. 21 and Scanlon et al. 22 has been undertaken to support use of such models in design calculations. Scanlon et al. applied potential flow approximations in estimating annulus pressure variations and estimated discharge coefficients for different seals by fitting the orifice model to ingestion measurements. The model was found to collapse data well apart from conditions where unsteady pressure fluctuations were measured in the cavity. Johnson et al. included a brief review of discharge coefficient data in their paper and recommended use of different discharge coefficients for inflow and outflow. In fitting an extensive range of experimental data Scobie et al. adjusted the minimum sealing flow and ratio of discharge coefficients for inflow and outflow in Owen's 23 orifice model. Owen notes that the form of variation of effectiveness with flow rate is similar for rotationally driven and pressure-driven ingestion. These and other studies, including Savov and Atkins' 9 application of their turbulent transport model, confirm that characterising the seal flow as a velocity ratio is helpful in correlating and scaling experimental data for sealing effectiveness. However, the elementary models have limited predictive capability.
Multi-mode ingestion
The turbulent transport modelling approach 8, 9 averages all the flow effects and represents these through an empirically determined factor. This approach has perhaps become more attractive as the complexity and intrinsic unsteadiness of some rim seal flows has emerged. In Savov and Atkins' 9 model account is taken of seal geometry and flow rate through a volume fraction and blowing ratio, with a turbulence mixing length being adjusted to match experimental data. The model has been shown to fit a range of experimental data for rotationally driven and pressure-driven ingestion. It should be noted that rim seal experiments may be subject to manufacturing tolerances and other uncertainties. In their experimental study Savov and Atkins compared results obtained using a 16-piece static rim seal ring assembly with those obtained using a single smooth ring. Measurements showed a much better sealing performance for the single machined ring, with the effect attributed to the steps introduced in the 16-piece assembly. This result clearly shows an important sensitivity to geometric tolerances and the care needed in interpretation of results and prediction of seal performance.
Owen 23 gives an expression for the minimum sealing flow rate that reproduces his rotationally driven and pressure-driven results in the appropriate limits, noting that there are insufficient data available to test the model. The model, with an empirical constant, was later used by Scobie et al. 7 to correlate data for the minimum sealing flow rate with variable external pressure asymmetry.
Most recent research has focussed on external flow or pressure-driven ingestion. This has been generally thought to dominate outer rim seals, whereas rotationally driven ingress may dominate at inner seals in double seal designs. Hamabe and Ishida 17 and Chew et al. 18 discussed simple order of magnitude estimates for the two mechanisms. With pumping effects characterised by a radial velocity in the disc boundary layer of order 0.1b, rotation might be expected to have little effect on the seal flow for small 0.005 2 b 2 /Dp where Dp is the magnitude of the circumferential pressure asymmetry. Under these conditions rotational effects are still significant for the disc cavity flow, but may act principally to mix the ingested and sealing flows. For 'short seals', such as those in Figure 3 , the surface areas in the seal may be sufficiently small for the surface drag on the rotor and stator to be negligible in the seal flow. Counter to this argument is the observation in, for example, Cao et al. 11 and Jakoby et al. 24 that rotating cavity, seal and annulus flows may be subject to 3D rotating flow modes that significantly affect ingestion. For more extended seals involving overlapping rotor and stator parts, the rotation and surface drag may also affect the flow in the seals as, for example, suggested by Graber et al. and supported by computations for a chute rim seal in Boudet et al. 25 With similar functional dependence of ingestion on seal flow rate observed across a wide range of experimental conditions it is difficult to distinguish distinct regimes or to separate the effects of individual parameters in these complex flows.
Rotating flow modes and CFD modelling
While the elementary modelling described above gives some insights into the flow physics, detailed investigation requires experimental and CFD studies. Although there are a substantial and growing number of research studies available, these are constrained by the complexity of the problem and the wide variety of geometries and conditions of interest. Comparisons between CFD and measurements are subject to experimental uncertainties (including manufacturing tolerances) and modelling uncertainties (including turbulence modelling and boundary conditions). Such comparisons have shown mixed levels of agreement, as shown in the literature. 11, 19, 20, [24] [25] [26] [27] [28] [29] [30] [31] While conventional Reynolds-averaged Navier-Stokes (RANS) models sometimes give quantitative or qualitative trends in reasonable agreement with measurements, considerable uncertainties remain.
These CFD and experimental studies have revealed the occurrence of rotating flow modes that have been attributed to either intrinsic unsteadiness of the rim seal flows or interactions of the sealing and annulus or cavity flows. In some conditions it is clear that these modes play a dominant role in ingestion. In other cases their significance relative to other effects, such as vane and blade pressure generated asymmetries, is not clear. Understanding of the intrinsic unsteadiness has emerged as a key area of research and is the focus of this section. Figure 5 and Tables 1 to 3 give an indication of the research available in the area, summarising many of the experimental and computational studies that have identified non-blade passing related unsteadiness believed to be associated with rotating flow modes. In Figure 5 the principal frequency of the unsteadiness normalised with the rotor frequency is plotted against the minimum clearance between the rotor and stator in the seal. Tables 1  to 3 give further information including, where available, rotational Reynolds number Re , mean seal velocity U m /b, frequency of the unsteady flow modes f/, number of circumferential lobes observed in the unsteady flow pattern N and angular velocity of the pattern ! s . Note that the values given are intended to be indicative only. In some cases they are estimated indirectly from the published information. These results are discussed further in the following subsections.
The velocity ratio U m /b is used here to characterise purge flow rate as it has been shown to be a useful correlating parameter for both rotationally driven and pressure-driven ingestion. This differs from many of the publications cited which often give values of the mass flow parameter Cw. The parameters given in the tables do not characterise the main annulus flow (where present) beyond giving blade and vane numbers. Some previous publications have used an annulus flow velocity rather than disc speed to normalise the seal flow. This may relate more directly to the driving force in pressure-driven ingestion, but is not convenient for cases with no annulus flow. A further indication of the annulus flow, if present, is given by an annulus flow coefficient or Rossby number U e /b (where U e is the mean axial velocity) in some later figure captions where this was available or could be estimated. It should be noted that where vanes are fitted the annulus flow will generally have a tangential velocity significantly greater than disc speed. A fuller characterisation would also include purge to annulus flow density ratio, but this is generally modest in the research rigs (compared to engine conditions).
Experimental evidence
Experiments by Cao et al., 11 Jakoby et al., 24 Scha¨dler et al., 34 Roy et al., 35 Savov et al., 36 Town et al. 37 and Beard et al. 42 have all indicated unsteady rim seal cavity flow features which are unrelated to blade passing. Figure 5 includes these results with blue squares or bars indicating the approximate observed frequency range. Owing, perhaps, to the variation in seal geometries considered it is difficult to identify any clear trends. It may be significant that simple higher clearance axial seals show generally low frequencies, and the higher frequency results are for more complex tighter clearance seals. Note though that Town et al.'s results 37 do not fit this trend. Dependency on cavity volume might be expected, but it is again difficult to see any clear trend. Note also that Savov et al. observed unsteadiness in two different frequency ranges. Further discussion of the experimental studies is given in the following subsections, classifying the seals as axial, radial or chute according to the minimum clearance.
Axial rim seals. As indicated in Figure 1 and Table 1 , axial clearance geometries have been studied experimentally by Cao et al., 11 Jakoby et al. 24 and Scha¨dler et al. 34 The seal and cavity geometries were quite different in these three cases, but all these cases were tested within turbine stages with a high swirling annulus flow. In all three cases, fast response instrumentation indicated unsteadiness at non-blade passing frequencies, in a relatively low-frequency range of $3-19 . Cao et al.'s geometry might be viewed as an open narrow disc cavity rather than a rim seal. In this experiment, fast response pressures measurements on the face of the stator disc were recorded for a range of rotor speeds as shown in Figure 6 . As the rotor speed increases, frequencies of the related flow modes increase proportionally whereas the non-blade passing related frequencies only increase slightly. Further analysis of the signal indicated intermittency of wave patterns. There was a very low purge flow rate in these experiments, corresponding to $10% of free disc entrainment at the rig conditions. Jakoby et al.'s 24 paper principally reports CFD studies but includes results from the University of Aachen for the unsteady pressure in the disc cavity with a simple axial clearance seal. Low-frequency harmonics at about one order of magnitude below the rotor blade passing (corresponding to $3 ) frequency were detected in the disc cavity, as is shown in Figure 7 . This condition corresponds to a relatively low flow rate. Low-frequency content was not observed at higher flow rates. Jakoby et al. concluded that the low-frequency phenomena significantly influenced the mainstream ingestion. Scha¨dler et al. 34 reported unsteady flow measurements in a stage and a half turbine with a more geometrically complex axial rim seal than those considered by Cao et al. and Jakoby et al. 'Hub cavity modes' in the frequency range $7-19 were detected and found to propagate up to 30% of span in the main flow annulus. These modes were suppressed at higher purge flow rates and their effect on aerodynamic pressure losses was highlighted, lessening the expected reduction in losses as purge flow rate was reduced. The aerodynamic measurements in the annulus show interaction of the purge flow with secondary flow generated by the upstream vane. The unsteady modes were also considered to have a significant effect on noise generation for the turbine. Scha¨dler et al. observed that the low frequencies occurred as a band of frequencies, as was the case for the Aachen tests in Figure 7 , and concluded that this implied the modes were not linked to a geometrically triggered acoustic mode.
The three independent experimental studies for the axial clearance seals provide strong evidence of intrinsic unsteadiness of rim seal flows at low purge flow rates. The studies also indicate that this unsteadiness 39 URANS, 180 0/0 0:2 À 1 Â 10 6 ---24,28 -URANS, 24 3/4 $7 $4-80 23 29 79% Chilla et al. 40 URANS, 36 has significant implications for rim seal ingestion and aerodynamic performance.
Radial rim seals. Radial rim seals were studied experimentally by Roy et al., 35 Savov et al. 36 and Town et al., 37 as shown in Figure 5 and Table 2 . The seal and cavity geometries were quite different in these cases, but all tests were conducted with a highly swirling annulus flow. Higher non-dimensional frequen- The earliest report of subblade passing frequency unsteadiness in radial rim seals was given by Roy et al. 35 In this experiment unsteady pressure measurements were recorded within the cavity up to the rim seal region at different purge flow conditions. In Figure 8 , a graph showing the auto-spectral density of blade pressure measurements in the rim seal region is reproduced. A low-peak energy harmonic detected at $22 (1090 Hz), which is about 78% of the rotor blade passing frequency, can be identified. Furthermore, it is noteworthy that the energy content 30 later reported that PIV velocity measurements showed variation in time with either one or two main ingestion zones appearing in an approximately 90 sector.
Savov et al. 36 studied the performance of two rim seal geometries varying the dimensionless seal purge flow rate, for both bladed and unbladed configurations. Fast response pressure transducers were fitted to the stator in the main disc cavity, the outer rim seal cavity or trench (radially outboard of the minimum clearance), and in the cavity feeding the purge flow. Experiments were conducted with vanes only fitted (upstream of the seal) and with the addition of rotating tear drop shaped elements (downstream of the seal) to simulate the blade pressure field. Unsteadiness in the ranges 25-35 and 30-40 was observed in the outer rim seal cavity or trench for Town et al. 37 reported measurements in the buffer cavity formed between two radial clearance seals in a turbine test rig. Two fast response pressure transducers were spaced 5 apart. Unsteadiness in the frequency range $5-15 was observed with analysis of the phase of the signals suggesting a flow pattern with 15 structures circumferentially rotating at 77.5% of rotor speed. As the observed unsteadiness covers a broad range, some intermittency or variation of the flow pattern could be inferred.
While the above-mentioned radial seal studies provide further evidence of rotating flow modes, the significance of these modes for rim sealing and turbine performance is not so clear as in axial rim seal studies. Savov et al.'s study suggests the possibility of different modes associated with either the purge flow/mainstream interaction or the seal and cavity flows, although this is somewhat speculative. The uncertainty regarding the flow physics is further illustrated by Berg et al.'s 41 study. These workers attribute an unsteady signal at $29 in their experiments on a radial seal to an axisymmetric Helmholtz mode. Further signals at $71 and $112 are attributed to axisymmetric shallow cavity modes. While their interpretation was supported by comparison with results for canonical configurations, the possibility of rotating flow modes causing these signals was not eliminated.
Chute rim seals. While earlier CFD studies had indicated intrinsic unsteadiness in chute seals, this was confirmed experimentally by Beard et al. 42 The configuration tested had a relatively simple chute seal geometry with no imposed external flow and no blades or vanes in the annulus surrounding the disc cavity. Thus, rotationally driven ingestion was expected. Unsteady pressure sensors in the cavity showed a distinct signal at $22 , with amplitude diminishing slightly with increasing radius. This mode was still evident just under the rim seal. In the rim seal region, a broader band of unsteadiness with increased amplitude was observed. Similar trends were observed by Beard et al. at all speeds, and for a larger seal clearance for which there was very little axial overlap between the two surfaces of the chute. While Taylor-Couette instability might contribute to the flow unsteadiness in the chute seal, results for the larger clearance indicate that this is not needed to excite the cavity mode.
Beard et al. 42 and Gao et al. 43 analysed results from an unevenly distributed circumferential array of sensors to investigate the flow structure in the cavity. An example of the cross correlation between two sensors is shown in Figure 9 (b). In this case the angle between the sensors is 5 . The peaks appearing with relative high frequency are consistent with a lobed flow pattern, as in Figure 9 (a), rotating relative to the sensors. The time interval between peaks corresponds to the time taken for the mode to rotate one angular period ( ¼ 2/N for a mode with N lobes). The times for each peak (or lag times) correspond to the time intervals between similar events occurring at the two probes. Thus, for a perfectly symmetrical rotating mode with N lobes and > , as in Figure 9 (a), the lag time for the first peak is the time taken for one lobe to pass from one sensor to the next. Lower frequency effects apparent in the figure may be associated with variation or 
RANS CFD modelling
CFD modelling has largely focussed on pressuredriven ingestion, following the pattern of experimental studies in moving from relatively simple models to more complete representations. This review discusses unsteady CFD models as steady models cannot (in general) capture the combined effects of blades and vanes or the intrinsic unsteadiness. An early application of unsteady Reynolds-averaged Navier-Stokes (URANS) modelling, including stationary vanes, rotating 'pegs' (used to simulate the blades in an associated experiment), and the disc cavity, was given by Hills et al. 19 The unsteady model predicted considerably more ingestion than steady CFD models, but still gave somewhat higher sealing effectiveness than was measured. This and subsequent studies have illustrated effects such as interaction of the vane and blade potential pressure fields, axial decay of the pressure asymmetries upstream and downstream of the vanes or blades, and inertial effects. As will be described below, some studies have also identified inherent unsteadiness indicating further complexity of the flow physics and challenging the assumptions used in elementary models. The discussion is organised in terms of seal type, as was the case for experimental studies in 'Experimental evidence' section.
Axial rim seals. The first evidence of inherent unsteady flow features in rim seals was, to the present authors' knowledge, CFD predictions reported by Autef, 46 as mentioned by Chew et al. 47 A simple axial seal configuration (without vanes and blades) was simulated with 2D RANS and 3D URANS models with a weak axisymmetric cross flow in the outer annulus. In comparison with the 2D axisymmetric RANS model, the 3D URANS model that predicted rotating flow structures in the rim seal achieved better agreement with an empirically based sealing effectiveness correlation for rotationally driven ingestion. 12 These results were later published in Boudet et al. 25 The rotating flow structure illustrated had 56 lobes rotating slowly and giving a distinct frequency of $1.5 for pressure fluctuations. Figure 10 shows pressure contours on the rotor surface with alternating low and HP regions appearing in the seal on the rotor lip. Cao et al. 11 reported RANS and URANS solutions, comparing with measurements from the ALSTOM UK's two-stage turbine rig. Models for a 90 sector with circumferential periodicity and a full 360 sector without vanes and blades were presented. URANS simulations were performed as RANS solutions showed poor convergence. The URANS solutions showed good agreement with mean cavity pressure measurements and predicted unsteady flow patterns with modes unrelated to the main annulus blade passing. Examples of radial velocity and pressure contours on an axial plane are shown in Figure 11 . These 12-lobed patterns rotated at slightly less than disc speed. The 360 URANS models also showed the scale and strength of unsteady structures reducing, with the number of lobes increasing, as the axial seal gap is reduced. As a result of the CFD predictions, fast response instrumentation was fitted to the rig as described in 'Axial rim seals' section. The measurements showed unsteadiness at similar frequencies and amplitude to the URANS solutions.
The above studies were concurrent with, but independent of, the ICAS-GT and ICAS-GT2 research programmes reported by Smout et al. 48 Smout et al. stated that fast response pressure measurements on a turbine rim sealing rig designed by Bohn et al. 49 at RWTH Aachen University had shown low-frequency unsteadiness unrelated to blade passing. The presence of large-scale unsteady structures was suggested as a possible cause of discrepancies between measurements and URANS modelling for a 22.5 periodic sector. Results of CFD studies from the ICAS-GT2 project were reported by Jakoby et al. 24 These included CFD solutions from three project partners, ALSTOM (Switzerland), Volvo (Sweden) and MTU (Germany), simulating Bohn et al.'s 1.5-stage turbine rig. ALSTOM's 22:5 and 360 models did not include vanes and blades, whereas Volvo and MTU made 22:5 full models with vans, blades. Only ALSTOM's 360 URANS model was able to capture a dominant low-frequency mode at 2.4 , close to the measurement at 2.7 . As shown in Figure 12 , the solution showed a three-lobed unsteady flow structure rotating at 80% of disc speed in the main disc cavity. Note also that Figure 12 shows some evidence of flow structures in the seal having additional components. The predicted ingestion was less than measured but significantly greater than small sector models. The failure of the sector models was attributed to the periodic boundary assumption suppressing the large-scale flow structure.
More recent CFD studies have also considered Bohn et al.'s rig. Amongst these are investigations by Rabs et al. 32 and Zhang and Ma. 33 Rabs et al. 32 performed URANS simulation on a 22:5 sector without vanes and blades. They associated predicted unsteady flow modes unrelated to the blade passing with the Kelvin-Helmholtz shear layer instability in the rim seal gap region, where the main annulus flow interacts with the purge flow. However, the predicted unsteady flow modes were not compared with unsteady experimental data. The predicted vortices were strongest at high purge flow rates. With care taken to resolve the rim seal region, the sealing effectiveness in the outer part of the cavity was lower than that given by Volvo's 22.5 3D model 24 but still well above the measurements at lower cavity radii. Rabs et al. also noted that similar results were obtained with different turbulence models. Zhang and Ma 33 investigated the effect of a circumferentially varying seal clearance, with a 22:5 sector including one vane and two blades. Unsteady flow features were captured with low frequency from 13.3 to 20 for both uniform and varying seal clearances.
Scha¨dler et al. 34 complemented their experimental studies with a full 360 annulus URANS model including 36 vanes and 54 blades. Low-frequency unsteadiness was captured but showed a broader frequency band than the measurements. The experiment showed unsteady flow frequency at $7-19 . At a low purge flow condition, unsteady flow patterns with eight lobes were detected, rotating at 82% disc speed. At a higher purge flow rate a 22-lobed flow structure was found rotating at 93% of disc speed. Scha¨dler et al. reported that increasing the purge mass flow rate can decrease the hub cavity mode frequency amplitude ratio to that of the blade passing and increase the frequency. They attributed the source of the inherent unsteady flow modes to the vortical structures in the outer trough (or cavity) of the seal.
The CFD studies for axial seals show that URANS models can reproduce many of the flow features observed experimentally although some discrepancies between CFD and measurement remain. The CFD solutions have also given more insight into the flow physics, showing the unsteadiness is associated with rotating flow modes. There is evidence of flow structures associated with the seal or trough region in all configurations considered above. For the Aachen rig there is also evidence of a three-lobed, large-scale flow pattern in the main disc cavity.
Radial rim seals. Zhou et al. 50 reported URANS solutions for a 14.4 sector model with blades and vanes for a simple double seal configuration tested at Arizona State University. 35 Ingestion was shown to be underpredicted compared to measurements and the authors suggested that this may be due to rotating low-pressure zones being supressed by the small sector periodicity. In a related further investigation Wang et al. 29 used a full 360 URANS model for the same configuration. They reported 15-17 pairs of unsteady flow structures rotating at disc angular speed in the outer seal gap for the two modest purge flow rates. For a higher purge flow rate 28 pairs of flow features rotated at about disc speed. In the cavity inboard of the seal, species concentration contours revealed 12lobed structures rotating at about 86% of disc speed for the two low purge flow cases. Better agreement on the sealing effectiveness with the experimental data was achieved in the 360 CFD model which overestimated ingestion compared to the experiment. Figure 13 shows pressure contours for a low flow case. The influence of the 22 vanes is clear in the outer annulus, the outer seal rotating mode is also visible and a less regular structure is seen in the outer disc cavity. Figure 12 . Instantaneous pressure, Re $ 2 Â 10 6 , U m /b $ 0.017, Jakoby et al. 24 Town et al. 37 compared URANS solution for a 99 sector with blades and vanes with their experimental measurements at Pennsylvania State University. The computations and unsteady pressure measurements were consistent with about 15 flow cells rotating at about 80% disc speed in their shallow disc cavity.
Julien et al. 48 reported a URANS study based on an industrial test rig geometry described by Feiereisen et al. 51 As shown in Figure 5 , a radial seal is combined with an outer chute region. A 74 sector was used including nine vanes and 12 blades. Unsteady cavity modes were reported at $26, 24 and 22 for no purge flow, low purge flow and higher purge flow cases, respectively. It was reported that these cavity modes were dominant compared with the blade passing mode, and that the strengths and characteristic frequencies of the cavity flow structures were suppressed as the purge mass flow was increased. Further studies were performed by Boutet-Blais et al. 39 These authors reported large-scale unsteady flow structures in both simplified and real engine geometries with rig and real engine operating conditions. In the 180 simplified model without vanes and blades, 28 or 24 flow structure cells were captured under different operating conditions. In the 24 real engine model with three vanes and four blades a 29-lobed flow structure rotating at about 79% of disc speed was found, giving a dominant mode frequency of 23 .
Chilla et al. 40 reported CFD solutions for another industrial turbine rig having a radial seal combined with an outer chute region. In these models the close radial clearance seal gap was taken as an inlet boundary. A 36 sector URANS model with four vanes and seven blades showed a dominant unsteady flow structure mode at frequency 12 in the rotating frame of reference. The number of lobes and rotational speed of the flow structure were not given, but the frequency in the stationary frame was stated to be greater than the blade passing frequency of 70 . Using a 5:14 URANS model of an isolated rotor blade with the rim seal outer cavity, Chilla et al. investigated the influence of the rim geometry. It was found that the unsteady mode frequency varied between 14 and 24.8 in the rotating frame. The existence of the inherent unsteady flow structures was believed to increase the loss generation in the turbine. By increasing the sealing mass flow rate and sealing tangential velocity independently, it was found that the rim seal flow became more stable as ingestion was prevented and the tangential velocity difference between the two flows was minimised. They associated the rim seal unsteady flow patterns with Kelvin-Helmholtz vortex formation due to the interaction of the main annulus and rim seal flows.
The URANS studies for radial seals have provided further evidence of very significant effects of rotating flow modes on ingestion and on turbine performance, for a range of configurations including engine representative geometries. In addition, Wang et al. ' s results indicate that different rotating flow modes may occur in the rim seal region and the disc cavities, and the possible significance of Kelvin-Helmholtz type instability in the rim seal/annulus region has been further illustrated.
Chute rim seals. Following the early studies of axial seal geometries described in 'Axial rim seals' section, CFD investigations at the University of Surrey focussed on a chute seal design investigated experimentally at the University of Sussex by Gentilhomme et al. 52 and at Oxford by Beard et al. 42 Boudet et al. 25, 26 modelled the Sussex turbine rig with an outer chute seal and an inner axial seal, as in Figure 5 , both with and without main annulus vanes and blades. A 120 sector model excluding vanes and blades detected a dominant, 21-lobed flow structure in the seal region with a frequency of 16.7 rotating at 80% of the disc speed. The flow structure is illustrated in Figure 15 . In a 13:33 sector URANS model, including one vane and two blades, a dominant unsteady pressure frequency at 23.8 was detected in the rim cavity. It was suggested that restriction to the 13.33 sector accounted for the different frequency in the bladed model. Other frequencies, representing interactions with blade passing were observed. This is shown in Figure 16 where the 23.8 mode is shown at 44% of blade passing frequency and modes at 56 and 12% blade passing frequency arise from nonlinear interaction with the blade passing. The mode at 12% of blade passing frequency (¼6.5 ) dominated the inner cavity. 26 It was further conjectured that instabilities due to inflections in the rim seal velocity profiles and Taylor-Couette instability may be involved in formation of the unsteady flow structures. The URANS models predicted less ingestion than was measured but correctly captured some experimental trends.
As part of a later investigation, O'Mahoney et al. 27 extended the URANS studies described by Boudet et al. to computations on a 26.7 sector and on a full 360 annulus with blades and vanes. Both the peak frequencies and amplitudes of the unsteady remained the same as reported by Boudet et al., suggesting that the sector size has little effect on the inherent unsteady flow structures for the two cases studied. However, it was also noted that it was possible that these larger models were run for insufficient time for different unsteady frequencies to develop. Calculations at a somewhat different operating condition showed a shift in predicted frequencies.
Gao et al. 43 reported URANS results for a chute seal configuration that was recently experimentally tested, without blades and vanes, at the University of Oxford. 42 A 30 sector model with zero purge flow showed inherent unsteady flow structures in the rim seal region with frequencies of 16.2 and 21.7 . These correspond to 36 or 48 unsteady flow cells rotating at about 45% of disc speed. The lower rotational speed of the structures compared to those predicted by Boudet et al. might be due to the lack of a highly swirling external flow in this case. However, the analysis of the detailed unsteady pressure measurements available for this case suggested flow structures rotating at about 80% disc speed. This discrepancy is discussed further below. Gao et al. also reported the predicted unsteady flow characteristics with URANS can be affected by the inner step convergence as the dual-time stepping approach is used.
Similar unsteady flow features to those for rim seals have been identified in a stationary shroud cavity supplying cooling air to the main annulus 
Large eddy simulation (LES)
One source of uncertainty in URANS modelling described above is the turbulence modelling. The studies described above have used a variety of popular one and two equations turbulence models, without revealing any great sensitivity to the choice of model but with little systematic investigation. As all Reynolds-averaged turbulence models are subject to well-known shortcomings in predicting complex, intrinsically unsteady flows such as those considered here, their predictions must be treated with caution. At the cost of increased computing requirements LES offers improvements in predictive reliability and this has motivated the studies described below.
The first openly published large-eddy simulation of turbine rim seal flows appears to be those by O'Mahoney et al. 27, 28 who considered the chute seal geometry for the University of Sussex test rig. However, this followed a preliminary study by Autef 54 which suggested that LES could offer improvements over URANS techniques. In comparison with URANS, LES predicted a higher level of ingestion, in closer agreement with the experimental measurement of sealing effectiveness. LES for a 13.3 sector did not show the very distinct low-frequency peak in cavity pressure observed in URANS but showed increased amplitude over a range of frequencies. 27 Further studies investigated the sensitivity of LES to the simulation time, computational sector size and mesh resolution. 28 Increasing the computational sector size from 13:3 to 40 had a very small influence on the average and unsteady results. Increasing the simulation time by additional disc revolutions did not change ingestion levels but showed the development of a more distinct frequency at $32 (compared to a URANS frequency of $19 ). Improving the mesh resolution gave a better prediction of sealing effectiveness at the chute seal but did not improve the sealing effectiveness in the inner cavity. The finer mesh simulation also showed signs of an additional distinct frequency developing closer to that given by URANS.
Although Chilla et al. 40 do not give details in their paper they mention that LES was applied to their test case. Discussing the occurrence of dominant frequencies in the rim seal region it was reported that frequency spectra from LES showed a less deterministic behaviour than URANS for low frequencies. This is consistent with O'Mahoney et al.'s observations.
Recently, Gao et al. [43] [44] [45] presented LES for the chute seal studied experimentally at the University of Oxford. A prescribed sector size of 13:33 was selected, since unsteady flow structures with $27 lobes were detected in the experiment. The LES model achieved very good agreement with the experimentally measured mean pressure distribution, particularly within the chute seal clearance. The inherent unsteady flow frequency observed in the experiment at 23.5 was also accurately captured by the LES. However, significant discrepancies were found between the experiment and the LES. These included the amplitude of the peak frequency and its propagation into the cavity, broadband frequency in the experiment within the chute seal gap and the speed of unsteady flow structures. While factors that may contribute to these differences between the LES and experiment have been identified, uncertainties remain.
Gao et al.'s LES showed 54-or 81-lobed structures (corresponding to two or three lobes in the 13.33 domain) rotating at about 45% of disc speed (which is close to the mean flow tangential velocity in the seal). This compares with a 29-lobed structure rotating at about 80% disc speed indicated by the measurements at the rig condition simulated. The procedure to deduce the unsteady flow structure characteristics used to analyse the measurements was affirmed by application of the same procedure to the LES. Considering that the measured data have considerably more noise than the LES it is possible that modulation of the flow structure affects the estimated rotation speed. Otherwise it may be that this is sensitive to the difference between the rig and LES model, such as the boundary conditions for the outer annulus. The seal flow given by the LES is illustrated by the contour plots in Figure 17 . The bottom part of the figure shows pressure and radial and tangential velocity components on a plane of constant radius at two instants in time. The left-hand set shows a two-lobed structure and the right-hand set shows a three-lobed structure, corresponding to 54 and 81 lobes over the full 360 . Some interesting flow features may be observed. These include boundary layers on the rotor and stator and a tendency for 'axial streaks' to form. The latter is consistent with the Taylor-Proudman theory predicting zero axial gradients in rotationally dominated flow. Further flow features are apparent in the contours of circumferential vorticity and velocity vectors at the top of the figure. This instantaneous plot is at a circumferential position where there is little net inflow or outflow. Structures resembling Taylor-Coutte vortices are observed.
Instability and wave theory
It is well known that rotating flows are susceptible to waves, and this is illustrated by Andereck et al.'s 55 study of flow regimes in the annulus between differentially rotating cylinders. According to Rayleigh's stability criterion the base flow between rotating cylinders becomes unstable to small perturbations if the radial derivative of angular momentum is negative. With sufficiently high inner cylinder rotation a wide variety of waveforms were identified. These include classic and turbulent Taylor vortices (as illustrated in Figure 18 ), and further spiral, interpenetrating, modulated and wavy flows. The inner to outer radius ratio in Andereck et al.'s experiment was 0.883 and the maximum Reynolds number based on inner cylinder speed and radial gap was around 2000. Considering, for example, Beard et al.'s 42 chute seal the radius ratio is around 0.995 and a typical equivalent Reynolds number is $12,000, so there is no direct correspondence of conditions. Nevertheless, the instability of the base flow will apply, and for more effective seals with low purge flow the seal flow and turbulence will be dominated by rotation. As suggested by Graber et al., 8 radial clearance seals with extended overlap of rotating and stationary elements the ingestion characteristics could be dominated by rim geometry.
Mathematically, susceptibility of rotating flows to waves is demonstrated by considering a small perturbation of a flow rotating as a solid body. This subject has received much attention from the atmospheric and oceanographic research communities as indicated, for example, by Greenspan. 56 In the natural cylindrical coordinates for the present problem, possible solutions may be found with an arbitrary number of sinusoidal circumferential lobes, radial variation given by Bessel functions and sinusoidal variation in the axial direction. These inertial waves are associated with the Coriolis force which has a restoring effect in a harmonic motion. Frequency of these waves is limited to <2 in the rotating frame of reference. Thus, for a wave with N circumferential lobes, the angular speed Figure 17 . Circumferential vorticity and velocity vectors on a circumferential plane, and contours on the indicated radial plane of radial velocity, circumferential velocity and pressure at two instants, showing two lobes (left) and three lobes (right) in a 13.3 sector, Re $ 2 Â 10 6 , U m /b ¼ 0, U e /b ¼ 0, Gao et al. [43] [44] [45] of the pattern in the rotating frame will be <2 /N, limiting the departure from the mean flow rotation speed. These solutions do not account for non-linear effects or strong departures from the forced vortex base flow. Nevertheless, there is a qualitative correspondence to many of the rotating flow structures observed and discussed above. There may also be quantitative correspondence on the rotational speed of the mode in some cases. For example, recent LES for a chute seal with no imposed external flow shows lobed patterns rotating roughly at the mean flow speed, 43 as is consistent with the theoretical frequency restriction. Other studies, with highly swirling flow in the annulus, show faster angular speeds of the flow pattern perhaps reflecting a higher mean flow tangential velocity induced by the mixing of the purge and mainstream flows in the rim seal. The inertial wave illustrated in Figure 18 has 5 high-pressure/low-pressure cell pairs and associated radial inflow and outflow regions distributed circumferentially, with an inner to outer radius ratio of $0.65, and can be compared to the CFD results in Figures 10 to 15 . The linear analysis allows many such solutions with variable radius ratios, etc. In practice these will be constrained by boundary conditions, viscous dissipation and nonlinear effects, but there are clear similarities with the CFD solutions.
Rotating acoustic waves may also occur in disc cavities. Catalfamo's 57 approximate analysis of small, compressible flow disturbances in 2D rotating flow shows relatively high-frequency modes for an example with three circumferential lobes. Compared with the measurements published by Jakoby et al. 24 it is reported that the predicted frequency was 3.7 times higher than the experimental value. Given the agreement between measurements and incompressible CFD solutions in, for example, Cao et al., 11 it is clear acoustic wave effects are limited in some cases. Nevertheless, the occurrence of rotating acoustic waves and their interaction with other phenomena at some conditions is feasible.
Kelvin-Helmholtz instability has been suggested as a cause of rim seal flow unsteadiness by several authors, with URANS CFD showing evidence of structures representative of this effect. The instability is associated with inflection in the velocity profile and is associated with characteristic billows or vortices as shown in Figure 18 . For an unconstrained flow with uniform density, the instability will apply to any shear layer. Computations with circumferentially uniform imposed annulus flow indicate that the high shear between purge and annulus flows supports the occurrence of such instability. 32, 40 Further to this Savov et al. 36 associated increased unsteadiness in their seal outer cavity or trough with increased shear between purge and main annulus flows at off-design conditions. It appears that the shear flow instability may overcome any stabilising effect (according to Rayleigh's criterion) of the angular momentum increasing with radius from the purge flow to the main annulus flow. As the billows or vortices generated by Kelvin-Helmholtz instability will travel with the mean flow (which has a strong circumferential component) this mechanism could perhaps combine or interact with inertial rotating waves.
As noted above some workers have sought to explain experimental results with axisymmetric acoustic and shallow cavity modes. 41 In engine conditions, density differences in purge and main annulus flows might also give rise to Rayleigh-Taylor type instabilities due to an unstable stratification in the centrifugal force field. The turbine environment may support a number of potentially interacting modes and competing sources of instability that could feed into turbulence or large-scale flow structures.
Conclusions
After several decades of research a considerable body of knowledge on turbine rim seal flows is available from full turbine and simplified test rigs. Much of the available data for sealing effectiveness is reasonably correlated for particular configurations by a simple velocity ratio, and the relative performance of different geometries generally follows expected trends. However, comparisons of CFD predictions with measurements have often shown disparities, limiting confidence in design predictions and motivating more detailed experimental and computational research.
Research using both CFD and experiments has established the intrinsically unsteady nature of many ingesting rim seal flows. URANS CFD shows rotating large-scale flow structures unrelated to the rotating blades in various configurations, including examples with and without a forced main annulus flow. The occurrence of such flow structures has been confirmed by experiments and LES, although compared to URANS models these tend to show less distinct features and frequencies with more modulation of the flow structure. In some cases the intrinsic unsteadiness is confined to a quite small rim seal region, in other cases unsteadiness (particularly lower frequency components) propagates further into the disc cavity and/ or annulus, possibly interacting with blade or vane passing. The intrinsic unsteadiness dominates ingestion in some cases, including examples with representative turbine main annulus flows, but its significance in some conditions is questionable.
Larger scale rotating flow modes identified in the URANS CFD studies show clear similarities to inertial waves arising from the Coriolis force and predicted as a linear perturbation of the inviscid flow in solid body rotation. Kelvin-Helmholtz type vortices associated with free shear layers have been observed in CFD at the interface of the purge and main annulus flows as the purge flow enters the annulus. This effect has been observed to be strongest and clearest at high purge flow rates and has been associated with unsteady measurements in the outer seal region. The shear layer instability could clearly affect mixing of the two streams in the annulus although its role in low purge flow, ingesting conditions is less clear. For seals with extended overlapping radial clearances, flow instability is expected from Rayleigh's criterion and Taylor-type vortex structures have been detected in LES studies, illustrating the complexity of the flow structure.
Considering the various turbulent flow mechanisms and the non-linear effects and interactions involved in rim sealing it is not surprising that CFD modelling has proved challenging. It should also be noted that uncertainties arise in matching experimental boundary conditions, and from manufacturing tolerances, with clearance variation due to eccentricity and other effects possibly being significant.
While URANS models have given considerable insight into rim seal flows such predictions involve considerable uncertainties, with turbulence modelling perhaps being the most obvious. Several authors have also discussed numerical uncertainties arising largely from limitations on computing power. These include limited simulation time, mesh dependency, use of restricted domains, sensitivities to solution method, numerical smoothing and choice of time step. These uncertainties are often not fully addressed in pioneering, computationally expensive CFD investigations.
LESs have demonstrated sensitivity of rim seal flows to the treatment of turbulence in CFD and are a promising research approach. However, computational requirements for LES are even more restrictive than for URANS, and this will remain an issue for the foreseeable future. Thus, accurate prediction in engine design will continue to be challenging, and developments in modelling will continue to rely on calibration against experimental data.
One factor not discussed in this review is the estimation and control of engine seal running clearances. Advances in this area, including improved aerothermo-mechanical modelling, are expected to reduce uncertainty in clearance estimation and new designs may allow reduction in seal clearance. Together with moves to smaller, hotter engine cores in future aircraft propulsion, this may increase interest in rim sealing still further. The present review highlights the need for careful experimental and computational research with increasing attention to detail. In addition to factors already mentioned, systematic investigation of the effects of purge to main flow density ratio and eccentricity effects would be useful, as these could affect the scaling of test rig data to engine conditions. A full understanding of rim seal ingestion requires further detailed study of unsteady flow features. Understanding developed will also clarify links to other aspects of engine performance such as turbine aerodynamics, noise and vibration.
